Despite the significance of red blood cell (RBC) alloimmunization, the lack of standardized registries in the US has prevented the completion of large studies. Data from 3Á5 years of the Recipient Epidemiology and Donor Evaluation Study-III (REDS-III) recipient database, containing information from 12 hospitals, were studied. A RBC alloantibody responder had an antibody identified at any point during the study, and a non-responder had a negative antibody screen at least 15 days post-RBC transfusion. Demographics, blood type, ICD9/10 codes, and other potential correlates were evaluated. Of 319 177 (2Á07%) screened patients, 6597 had a total of 8892 clinically significant RBC alloantibodies identified, with 75% being in the Rh or Kell families. Alloimmunization was more common in females (2Á38%) than males (1Á68%), and in RhD negative (2Á82%) than RhD positive (1Á94%) patients. Age, sex, RhD status and race were associated with being a responder, and certain diagnoses (including sickle cell disease or trait, systemic lupus erythematosus, rheumatoid arthritis and myelodysplastic syndrome) were more common among responders than non-responders. Data collected in this multi-centre recipient database provide the largest RBC alloimmunized patient cohort studied in the US, with previously known demographic and disease associations of responder status confirmed, and new associations identified.
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Transfusion of red blood cells (RBCs) is a therapeutic and lifesaving treatment for many patients. In the United States, approximately 13 million units of red cells are transfused annually (Whitaker et al, 2016) . Transfusion, however, is not without risk. One adverse event that may occur with the transfusion of RBCs is the haemolytic transfusion reaction, which can result in mortality. Furthermore, an estimated one in 1200 transfused patients experience a delayed haemolytic transfusion reaction, which results in a diminished haemoglobin increment and can lead to bystander haemolysis in some patient populations (Pirenne et al, 2017) . Cost prediction models suggest that billions of dollars are spent annually to prevent, investigate and treat haemolytic reactions (Kacker et al, 2014a,b) .
The formation of a new red cell alloantibody, the pathophysiological agent for haemolytic transfusion reactions, requires differences in surface proteins (antigens) between the RBC of the blood donor and the recipient (Reid & Lomas-Francis, 2004) . Given that the only antigens routinely matched between donors and RBC recipients are those in the ABO system and the RhD antigen, exposure to foreign RBC antigens occurs frequently. Nevertheless, historic studies indicate that the overall prevalence of alloimmunization is actually relatively small (Hoeltge et al, 1995) , with few patients forming RBC alloantibodies despite the receipt of multiple RBC units (Schonewille et al, 2006; Higgins & Sloan, 2008; Zalpuri et al, 2012) .
In addition to being induced by transfusion, RBC alloantibodies may be induced by pregnancy, where they may be detrimental to fetuses and newborns. Fetal anaemia, hyperbilirubinaemia, and even hydrops fetalis/death may result from maternal RBC alloimmunization, with as many as 1 in 300 to 1 in 600 births being affected to some extent by maternal RBC alloimmunization (Hendrickson & Delaney, 2016) . One study, completed at a tertiary care referral centre, reported that as many as 1 in 80 pregnancies had maternal alloantibodies . Efforts to prevent pregnancy-associated RBC alloimmunization are currently limited to those cases involving the paternal RhD antigen, and treatments for hydropic fetuses are limited to intrauterine exchange transfusion, maternal treatment with intravenous immunoglobulin or, potentially, maternal therapeutic plasma exchange.
The explanation for why only a select group of patients (responders) form alloantibodies to donor RBCs despite multiple exposures through transfusion or pregnancy is both complex and poorly understood. Given the associated morbidity and mortality in transfusion and pregnancy, determining specific factors associated with increased risk for RBC alloimmunization has been a focus of active investigation. Separate studies have identified epidemiological factors, such as sex, race and certain medical conditions, to be independently predictive of alloantibody formation (Rosse et al, 1990; Seyfried & Walewska, 1990; Stiegler et al, 2001; Verduin et al, 2012; Chou et al, 2013; Lin et al, 2017) . However, as alloimmunization is a relatively rare event, these studies have been limited by sample size.
The National Heart, Lung, and Blood Institute (NHLBI) Recipient Epidemiology and Donor Evaluation Study-III (REDS-III) has developed a transfusion recipient database that combines inpatient and outpatient electronic health records from four major blood centres and 12 community and academic hospitals in the United States. Over the course of the 3Á5 years queried for this manuscript, this database has captured the results of over 300 000 antibody screens from over 600 000 patients. This current analysis aims to: (i) characterize the epidemiology of RBC alloimmunization in the United States within the REDS-III recipient database; (ii) define responder alloantibody specificity, and (iii) investigate independent recipient risk factors associated with RBC alloantibody formation.
Methods

Database structure
In brief, the REDS-III transfusion recipient database involves the collection of recipient laboratory, transfusion and clinical data from 12 hospitals served by four geographically diverse US blood centres located in Connecticut, Pennsylvania, Wisconsin and California. Each blood centre serves as a 'hub' with 'spokes' comprised of 2-4 selected hospitals including a mix of academic medical centres and community-based hospitals. Institutional Review Board approval for constructing this database was obtained by each participating institution and the data coordinating centre (DCC). Data collected in the REDS-III transfusion recipient database are subject to the NHLBI Policy for Data Sharing from Clinical Trials and Epidemiological Studies, for eventual release as a public use data set. The data fields captured in this database and its quality control have recently been described (Karafin et al, 2017) .
Study variables
The present analysis includes data collected from the recipient database from For the purposes of this study, a "responder" was defined as any patient with at least one detectable clinically significant RBC alloantibody that could have been induced by transfusion or pregnancy. Participating hospitals each used their own methods for determining the presence of RBC antibody and identifying its specificity. Methods used included solid phase, gel, and tube polyethylene glycol (PEG)-enhanced screening/antibody identification. Table S1 lists all RBC antibodies collected in the database and their classification for this study. Clinically significant alloantibodies included: D, C, c, E, e, Cw, G, V, f, Jsa, Kpa, K, k, Jka, Jkb, Fya, Fyb, M (IgG only), S, s, U and Lutheran. Patients with only warm autoantibodies, cold autoantibodies and non-specific antibodies were not counted as responders. Moreover, all women in whom an anti-D was the sole antibody detected were excluded from being classified as responders and were not included in the subsequent analyses, due to the inability to separate those who recently received Rh immune globulin from those who had an authentic transfusion-or pregnancy-induced alloantibody.
A 'non-responder' was defined as a patient with at least one RBC alloantibody screen completed 15 days or later after the recorded issue date of a RBC transfusion at one of the study hospitals, with no alloantibodies detected at that screen or at any other RBC antibody screen completed during the 3Á5-year study period.
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Statistical analysis
Categorical variables were summarized as frequencies with percentages, and continuous variables were summarized as means with standard deviations (s.d.) or medians with interquartile ranges (IQRs), as appropriate. The primary outcome of interest in this study was the presence of an alloantibody (responder status), and its association with other patient characteristics, such as patient age, sex, ethnicity, ABO type and diagnosis. Descriptive statistics were used to summarize the sampled characteristics. Patient-related factors were compared between responders and non-responders by a student's t-test for continuous variables and Fisher's exact test for categorical variables. Separate bivariate and multivariate logistic regression were used to model the odds of being an alloantibody responder, while considering the above-mentioned variables as possible covariates. A backward elimination model selection procedure was employed to identify statistically significant covariates to be added into the model. A statistical significance (alpha) level of 0Á05 was used throughout. SAS/STAT software Version 9Á4 of the SAS System for Windows was used to perform all statistical analyses.
Results
Patients studied
Over the period 2013-2016, data from 612 417 unique patients (inpatients and outpatients) were entered into the REDS-III recipient database. Approximately half of the individuals (319 177) in this database had a RBC antibody screen and were included for this analysis.
There were 6597 unique patients (2Á07% of all patients with an antibody screen) with at least one clinically significant RBC alloantibody detected and defined as 'responders'. Another 30 569 patients met the 'non-responder' definition (Fig 1) . The % responders, defined as the percentage of responders/ [(responders + non-responders)], is 17Á8% overall.
RBC antibody screening data
A total of 698 856 RBC antibody screens were completed over the course of the study. 33 352 antibody screens were positive (4Á77%), with approximately 51% (17 097) of these positive screens ultimately resulting in an identified RBC Table S1 for RBC alloantibody classification; anti-D antibodies in females were excluded. $ Patients who did not have an antibody screen completed 15 or more days post-RBC transfusion were excluded. RBC, red blood cell.
alloantibody categorized as clinically significant in this study ( Figure S1A and Table S1 ). Responders had a mean and median number of antibody screens of 5 and 2, respectively, with non-responders having 8 and 5, respectively.
A total of 3856 of the 6597 alloimmunized patients (58Á45%) received a RBC transfusion during the study duration, with 2185 of the 6597 alloimmunized patients (33Á12%) also having a RBC alloantibody screen at least 15 days posttransfusion. Taking the total denominator (32 754) of patients documented to have received a RBC transfusion and to have had a RBC alloantibody screen in that same time window into consideration, the alloimmunization rate subsequent to RBC transfusion is 2185/32 754 = 6Á67% (Figure S1B) .
A total of 8892 unique clinically significant antibodies were detected in the 6597 alloimmunized patients, including 4749 (53Á41%) in the Rh family (2588 anti-E, 780 anti-C, 556 anti-c, 105 anti-e, and 525 anti-D (in males) among others), 1,937 (21Á78%) in the K family, 912 (10Á26%) in the Kidd family, 669 (7Á44%) in the Duffy family, 349 (3Á92%) in the MNS family, and 471 (5Á3%) of other specificities (Fig 2) . A total of 3291 antibodies were detected in the 2386 alloimmunized males, and 5601 antibodies were detected in the 4211 alloimmunized females. Two-hundred and ninetyeight (4Á54%) of the responders also had warm autoantibodies detected, and 101 (1Á59%) had cold autoantibodies detected. In contrast, only 0Á46% of the non-responder patients had warm autoantibodies and 0Á28% had cold autoantibodies detected. A total of 723 and 436 unique subjects, respectively, in the entire study, had warm or cold autoantibodies detected. Thus, 298/723 (41Á22%) of patients with warm autoantibodies and 101/436 (23Á17%) of patients with cold autoantibodies also had underlying RBC alloantibodies.
Demographics of responders and non-responders RBC alloimmunization and sex. In the entire study cohort, 284 485/612 419 patients (46Á45%) were male and 327 630/ 612,419 (53Á5%) were female. 2386/141 920 (1Á68%) of males who underwent RBC alloantibody screening during the study period had RBC alloantibodies, and 4211/ 177 231 (2Á38%) screened females had RBC alloantibodies. Limiting the analysis to patients who were RBC transfused and antibody screened during the 3Á5-year study duration showed that 1498/41 865 = 3Á58% of males were responders, compared to 2358/46 567 = 5Á06% of females. A total of 36Á2% of the 6597 alloimmunized patients were male, and 63Á8% were female (Table I and Figure S2) Figure S3 ). Figure S4 ). Aside from anti-D, anti-C was significantly more likely to be detected in RhD negative patients (making up 27% of all antibodies) than in RhD positive patients (making up 4Á9% of all antibodies).
RBC alloimmunization and recipient age. Few RBC alloimmunization studies have included both children and adults. The fact that some of the 12 hospitals studied in this database cared for paediatric patients allowed a comparison of alloimmunization rates by recipient age at the time of study entry. Only one child between 6 and 12 months of age (of 251 screened, 0Á4%) had a RBC alloantibody (Table I) . Only 25 children between 13 months and 10 years of age (of 2596 screened, 0Á96%) and 73 children between 11 and 20 years of age (of 10 096 screened, 0Á72%) were alloimmunized. These alloimmunization rates are not low solely due to a lack of RBC exposure, as a comparison of % responders also shows low rates of alloimmunization in the paediatric population (2Á56%, 5Á84%, and 11Á25%, respectively for 6-12 months, 13 months-10 years, and 11-20 years) (Fig 3) .
In addition to childhood, alloimmunization rates were also studied in adults by decade, unadjusted by the number of RBC transfusions (Table I) . When evaluating the number of alloimmunized patients as a fraction of the total screened patients, alloimmunization rates increased incrementally by decade. A comparison of % responders shows higher rates of responder status in patients in the 31-40 year (21Á7%) and 81 years and older (21Á6%) groups, with differences observed by sex (Fig 3) .
Multi-variate analysis of responder and non-responder demographic data
A multi-variate analysis was completed, to evaluate demographic variables and their potential interactions in responders and non-responders. Variables that retained their statistical significance regarding responder and non-responder status included age, race, sex, and RhD status (chi square <0Á001); ABO type was marginally significant (chi square 0Á0495). Figure 4 shows the odds ratio of being a responder, using the groups RhD positive, blood group A, male sex, white race and age 61-70 years as comparators. Patients with more than one RBC alloantibody detected
Transfusion documentation
The majority of alloimmunized patients had a single alloantibody detected. However, 1511 of the 6597 alloimmunized patients (22Á9%) had more than one alloantibody detected, with the maximum number of distinct alloantibodies identified per patient being 9. Five-hundred and ninety-seven of 2386 alloimmunized males (25Á02%) and 914 of 4,211 alloimmunized females (21Á7%) had more than one antibody detected. By using the total screened unique patients as a denominator, 597/141,920 (0Á42%) of male patients formed more than one alloantibody, compared to 914/177,231 (0Á52%) of female patients.
Responders, non-responders, and diagnoses
The primary diagnosis (ICD9/10) at the first encounter of all 600 000 + patients in the database, including 6597 responders and 30 569 non-responders, was evaluated and these diagnoses were grouped into broad categories. The categories were defined as cardiovascular, gastrointestinal, Odds ratio of being a responder compared to a non-responder. Forest plot of the odds ratio by multi-variate analysis of being a responder compared to a non-responder, with error bars depicting 95% Wald confidence limits. The comparator baseline values used include those with the largest population per category (RhD positive, blood group A, male sex, white race, age 61-70 years). Triangles = more likely to be responders; diamonds = less likely to be responders.
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genitourinary, haematology/oncology, infection, musculoskeletal, neurological, pulmonary, obstetrical, and other (Table S2) . A 2 9 2 table was created for each of these broad diagnostic categories, and an odds ratio was completed for the likelihood of being alloimmunized in the presence of one of these categories (Fig 5A) .
To investigate the likelihood of being a responder or a non-responder in the presence of a specific diagnosis or chronic illness, the database was queried for RBC transfused patients with an ICD9/10 code of interest recorded at any point during the study duration. A 2 9 2 table was created for each chronic disease diagnostic code of interest, and Pvalues were calculated using a Fisher's exact test to evaluate the association between responder status and clinical diagnosis (Table S3 ). An odds ratio was then completed for the likelihood of being alloimmunized in the presence of a specific diagnosis (Fig 5B) . The odds of having a diagnosis of sickle cell disease or trait, systemic lupus erythematosus, rheumatoid arthritis, or myelodysplastic syndrome were significantly higher for responders than non-responders, whereas the odds of having a diagnosis of leukaemia, solid tumours, or solid organ transplant were significantly higher for non-responders than responders.
Discussion
The newly created recipient database of the National Heart, Lung, and Blood Institute (NHLBI) Recipient Epidemiology and Donor Evaluation Study-III (REDS-III) (Karafin et al, 2017) , containing inpatient and outpatient electronic health records, including demographic, laboratory, and transfusion data on all patients treated at 12 community and academic hospitals in the United States, allowed this study to be completed. Data from more than 300,000 patients who underwent type and screen evaluation over a 3Á5-year period were evaluated, making this study, to our knowledge, the largest RBC alloimmunization epidemiological study ever completed in the US.
The overall RBC alloimmunization rates described in this study range from 2% to 6%, depending on whether the denominator includes all screened patients or all confirmed transfused and screened patients; these rates are consistent with those previously reported in retrospective studies (Schonewille & Brand, 2005; Tormey et al, 2008; Stack & Tormey, 2016) and are lower than those published in prospective studies (Redman et al, 1996) due to the phenomenon of antibody evanescence (Tormey & Stack, 2009; Stack & Tormey, 2016 ). This study found, by both univariate and multivariate analyses, that recipient variables are critically important in impacting humoral immune responsiveness to transfused RBCs. Some findings of this study, including the high rates of RBC alloimmunization in patients with sickle cell disease (Chou & Fasano, 2016) and myelodysplastic syndrome (Lin et al, 2017) and the low rates of RBC alloimmunization in patients with leukaemia (Evers et al, 2017) , have been known for many years. Other findings, such as the high rates of RBC alloimmunization in females (Verduin et al, 2015a) and in patients with a diagnosis related to pregnancy, have been touched upon in smaller studies but not extensively studied. The finding of increasing alloimmunization rates with increasing age is logical due to increasing transfusion (Zalpuri et al, 2012) and pregnancy lifetime exposure, and is unlikely to be explained by disease since those associated with increased rates of alloimmunization were not more prevalent in older individuals (data not shown). Additional findings, including the higher likelihood of a White than a Black or an Asian individual (independent of RhD status) being an antibody responder, as well as the relatively high rates of RBC alloimmunization in patients with sickle cell trait, are being described for the first time. Follow-up studies Odds ratio of being a responder compared to a non-responder by diagnosis. Forest plot of the odds ratio by univariate analysis of being a responder (or not) in the presence of (A) a broad diagnostic category at study entry or (B) a particular ICD9/10 diagnosis. Error bars depict 95% confidence limits. Triangles = more likely to be responders; diamonds = less likely to be responders.
are warranted, however, given the small sample size of the Asian and sickle cell trait subsets. The fact that RhD status impacts RBC alloimmunization, as previously documented in smaller studies, (Al-Mousawi et al, 2015) is largely due to RhD negative transfusion recipients having a higher likelihood of exposure to non-self donor antigens in the Rh family, such as C and D, and potentially due to the receipt of RhD positive RBCs in emergent situations. The magnitude of the female RBC alloimmunization response rate, though not fully unexpected, suggests that additional studies in this area are warranted. The age distribution of female responders, with more than 50% spanning the childbearing years of 21-40 years, suggests that many RBC alloantibodies were likely pregnancy-and not transfusion-associated. The odds ratio of being a responder (versus a non-responder) was highest among females with a pregnancy-related ICD9/ICD10 code in their first encounter in the database than with any other broad diagnostic grouping, further strengthening this pregnancy/RBC alloimmunization association. These data are consistent with the recently published multinational Blood Group Antigen Matching on Gestational Outcomes (AMIGO) study, (Delaney et al, 2017) which reported pregnancy and not transfusion as the sensitizing event in most cases of maternal alloimmunization. Verduin et al (2015b) suggests that pregnancy associated alloantibodies have lower rates of evanescence than transfusion associated antibodies, potentially contributing to our findings. We cannot readily comment upon differences in transfusion-associated alloimmunization rates in females versus males, given the relatively short time-period studied and the lack of lifetime pregnancy/transfusion histories.
Alloimmunity and autoimmunity are closely linked. The present study found an association between alloimmunization and systemic lupus erythematosus, rheumatoid arthritis, and ulcerative colitis. Further, 41Á22% of patients with warm autoantibodies also had detectable alloantibodies. Ramsey and Smietana (1995) identified autoimmune disease as a risk factor for the formation of multiple or unusual RBC alloantibodies and subsequently, Papay et al (2012) described a 2Á5-fold increased risk of RBC alloimmunization in transfused patients with inflammatory bowel disease compared to controls with non-inflammatory diseases. Recently, Ryder et al (2016) reported that 16% of primarily male alloimmunized patients treated at a Veterans Administration hospital had a chronic autoimmune disorder, compared to 8% of nonalloimmunized patients. Multiple studies have also described a close association between RBC alloantibodies and RBC autoantibodies (Dhawan et al, 2014; Nickel et al, 2015) . Animal studies (Gibb et al, 2017a,b) suggest that a potential unifying hypothesis for the connection between some types of autoimmunity (Crow, 2014) and alloimmunization may involve type 1 interferon signalling.
The limitations of a large retrospective epidemiological study, such as this, deserve consideration. First, the US medical system does not have a single source medical record system, and as such, we cannot account for lifetime transfusions, pregnancies or medical conditions. Second, despite stringent quality control, some fields that would have been helpful for this RBC alloimmunization analysis, including whether an anti-D was passively acquired or was actively formed, could not be interpreted due to a lack of uniformity in the way that the hospital sites internally reported these data. Third, it is likely that retrospective studies under-estimate the RBC alloimmunization risk by at least 50% and probably more, given antibody evanescence patterns. (Stack & Tormey, 2016) Record fragmentation, due to the use of multiple hospitals by alloimmunized individuals, also contributes to an underestimation of RBC alloimmunization (Unni et al, 2014) .
In summary, this study confirmed known risk factors associated with alloimmunization and identified novel associations. The continued interrogation of the rich REDS-III recipient database will allow for additional in-depth studies of RBC alloimmunization as well as other transfusion-associated outcomes, with a long term goal of improving transfusion safety.
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